This is an Open Access article licensed under the terms of the Creative Commons AttributionNonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to the online version of the article only. Distribution permitted for non-commercial purposes only. Recent reports indicated the involvement of immunological and neuronal regulators. However, the role of neuropilin 1 (Nrp1) in osteoblastogenesis remains obscure. Methods: Real-time PCR was carried out to detect the mRNA of osteoblastic markers, Nrp1, and discoidin domain receptor 2 (DDR2). Immunoblot was performed to test the protein of Nrp1 and DDR2. Osteogenic differentiation was evaluated by mRNA analysis of osteogenic markers, and determination of ALP activity and OCN secretion. The intercellular signaling effectors were examined by immunoblot. Immunofluorescent assays were performed to detect the localization of Nrp1 and DDR2. Half-life determination assay was executed to test the DDR2 stability. Results: The expression of Nrp1 paralleled with that of DDR2 during osteoblastogensis. Nrp1 overexpression enhanced DDR2-induced stimulation of osteoblastogensis, whereas Nrp1 silencing caused attenuation. Nrp1 overexpression increased the phosphorylation of DDR2, ERK1/2 and Runx2. Nrp1 co-localized with DDR2 in the cellular membrane of differentiated MC3T3-E1. Enhanced or attenuated Nrp1 expression did not alter the mRNA transcript of DDR2. Nrp1 overexpression prolonged the half-life of DDR2 protein. Conclusion: Our results originally demonstrated the stimulatory role of Nrp1 in DDR2-induced osteoblast differentiation, providing molecular evidence for exploiting Nrp1 and DDR2 as targets to treat bone-related disease.
Nrp1, a Neuronal Regulator, Enhances DDR2-ERK-Runx2 Cascade in Osteoblast Differentiation via Suppression of DDR2 Degradation

Introduction
Postnatal skeletal growth and bone remodeling are highly coordinated processes constituted by bone formation and bone resorption [1] . The formation of bone structures mainly depends upon the proliferation and differentiation of osteoblasts, which synthesize and deposit the mineralizing extracellular matrix of bone [2] . A number of growth factors and endocrinal hormones are involved in the differentiation of osteoblast, including bone morphogenetic proteins (BMPs) [3] , Wnt [4] , parathyroid hormone (PTH) [5] , and insulinlike growth factors (IGFs) [6] .
Increasing evidence indicates that bone is also under the control of immune and neuronal systems, besides the classical signaling pathways [7] [8] [9] . Mikihito and colleagues uncovered the essential role of Semaphorin 3A (Sema3A, original described as axon guidance factors in the central nervous system)-Neuropilin-1 (Nrp1) axis in the bone homeostasis maintenance [10] . Sema3A secreted by osteoblast exerts an osteoprotective effect by suppressing osteoclastic bone resorption and increasing osteoblastic bone formation. The binding of Sema3A to Nrp1 inhibits receptor activator of nuclear factor-κB ligand (RANKL)-induced osteoclast differentiation by suppressing the immunoreceptor tyrosine-based activation motif (ITAM) and RhoA signaling pathways. In addition, Sema3A-Nrp1 axis promotes osteoblast differentiation through the canonical Wnt/β-catenin signaling pathway [10] . However, Fukuda and colleagues demonstrated that Sema3A regulates bone-mass accrual through sensory innervations indirectly, but not as directly as described by Mikihito [11] .
Nrp1, co-receptor for the class 3 semaphorins (Sema3) and vascular endothelial growth factor (VEGF), transmits signals by forming a complex with other receptors due to its un-functional cytoplasmic domain [12] . For example, Nrp1 binds with TGF-β receptor, forming complex to augment the canonical Smad2/3 signaling [13] . Nrp1 interacts with PDGF receptor α (PDGFRα) and enhances PDGF stimulation of vascular smooth muscle cells (VSMCs) migration [14] . Nrp1 interacts with the EGF receptor (EGFR) or hepatocyte growth factor (HGF) to promote the signaling cascades elicited upon EGF or HGF stimulation [15] [16] [17] . To sum up, Nrp1 binds various types of ligands and co-receptors, and participates in multiple types of signaling pathways that control cell migration, survival, and attraction. However, whether Nrp1 plays essential roles in osteoblast differentiation and bone formation remains unclear.
Discoidin domain receptor 2 (DDR2), which was named after the discovery of discoidin homology in its extracellular region, belongs to the receptor tyrosine kinase (RTK) family and functions as collagen receptor [18] . Collagen binds with DDR2 via the discoidin (DS) domain of DDR2, leading to the slow-on and slow-off activation of DDR2 [18, 19] . Ddr2 knockout mice and slie mice (mouse colony with spontaneous autosomal-recessive mutation in the Ddr2 locus) exhibit short long bones and irregular growth of flat bones [20] . Human Ddr2 gene mutation causes a rare form of dwarfism, spondylo-meta-epiphyseal dysplasia short limbhand type (SMED-SL) [21] [22] [23] . Our and other's studies also demonstrated that DDR2 plays essential roles in osteoblast differentiation and chondrocyte maturation by modulating the phosphorylation and transactivity of Runx2 in an ERK MAPK-dependent manner [24, 25] .
Both Nrp1 and DDR2 are DS domain related proteins because of the DS domain in their extracellular domains [26, 27] . Due to the similar structural characteristics, Nrp1 has functions in common with DDR2, such as roles in angiogenesis [28] [29] [30] , teeth formation [31, 32] , wound healing [33, 34] , and female reproductive cycle [35] [36] [37] . In this study, we aimed to examine the function of Nrp1 in osteoblast differentiation, and to test whether there is a close correlation between Nrp1 and DDR2.
Materials and Methods
Antibodies and reagents
Goat anti-DDR2 (R&D Systems, MN, USA), rabbit anti-Nrp1, mouse anti-β-actin (Abcam, MA, USA), goat anti-Runx2 (Santa Cruz, TEX, USA), rabbit anti-ERK1/2 (Cell Signaling Technology, MA, USA). BMP-2 (Peprotech, NJ, USA), Ascorbic acid (AA), β-glycerophosphate (β-GP) (Sigma, IL, USA).
Cell cultures
Murine preosteoblast MC3T3-E1 subclone 14 cells (ATCC, VA, USA) were cultured in α-MEM (Invitrogen, CA, USA) containing 10% FBS. Murine myoblast C2C12 (ATCC) were cultured in DMEM containing 10% FBS. To induce osteogenic differentiation, cells were induced by osteogenic inducers: 50 μg/mL AA, 5 mM β-GP for MC3T3-E1 cells and 200 ng/mL of BMP-2 for C2C12 cells. The medium was replaced every other day unless otherwise indicated.
Cell transfection and infection
For the plasmid transfection, construct containing Nrp1 was transfected to cells at the concentration of 400 ng/cm 2 . For the transfection of small interfering RNAs (siRNAs), 200 nM of siRNA targeting mouse Nrp1 gene was introduced into cells. For the lentivirus infection, cells with 50% confluence were incubated with virus-containing medium for 48 hours and further grown in medium containing 4 mg/mL of puromycin (Invitrogen, CA, USA). Fresh selective medium was added every other day. After 3 weeks of culture, single colonies were picked up, expanded, and maintained.
Determination of osteogenic differentiation MC3T3-E1 cells were induced with osteogenic inducers. At the designated time points, cells were collected for analyzing of mRNA levels of osteogenic markers. ALP activity assays were performed using a commercial kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, P.R.C) in accordance with the manufacturer's instructions. Protein extract concentrations were measured using BCA kit (Pierce, IL, USA) to normalize the relative ALP activity. The amount of OCN in cell supernatants was detected using a commercially available ELISA kit (R&D Systems).
Real-time PCR
Total RNA was extracted using Trizol (Invitrogen). Complementary DNA (cDNA) was synthesized from 2 μg of total RNA using Super-Script II First-Strand Synthesis System (Invitrogen). Quantitative real-time PCR was performed using 200 nM of each primer in CFX96 Sequence Detection System (Bio-Rad, CA, USA). Comparative threshold cycle (Ct) method was used for relative quantification.
Western blotting
Cell lysates were resolved by 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transfered to Hybond-ECL nitrocellulose membranes (Amersham Biosciences, NJ, USA). After being blocked in Trisbuffered saline containing 0.1% Tween-20 at room temperature for 1 hour, membranes were incubated with the indicated primary antibodies at 4°C overnight. Then the membranes were further incubated with corresponding horseradish peroxidase (HRP)-conjugated secondary antibodies at room temperature for 1 hour. Immunoblots of protein bands were visualized with an enhanced chemiluminescence (ECL) detection kit (Amersham Life Sciences, Piscataway, NJ, USA).
Immunofluorescent assay
Cells were fixed in 4% paraformaldehyde, then were permeabilized with 0.1% Triton X-100. Permeabilized cells were washed and blocked with 10% goat serum for 20 min. After washing with PBS, cells were incubated with primary antibody at 4°C overnight, followed by incubation of TRITC-conjugated anti-goat or FITC-conjugated anti-rabbit antibody at room temperature for 1 hour. Nuclei was stained by 4', 6-diamidino-2-phenylindole (DAPI).
Statistical analyses
Data are expressed as the mean±SD of three independent experiments. The difference between two groups was analyzed by student's T-test using the GraphPad Prism software version 4.0. A value of p<0.05 was considered statistically significant.
Results
Expression profiles of Nrp1 paralleled with that of DDR2 during osteoblast differentiation
In our previous study, we implicated the essential role of DDR2 in osteoblast differentiation and demonstrated the involvement of ERK-Runx2 cascade in the DDR2-mediated signaling. To find out whether Nrp1 plays role in osteoblast differentiation, we tested the expression profile of Nrp1. MC3T3-E1 cells were induced and the mRNA levels of osteoblastic markers, including ALP, Runx2, Osterix and OCN, were examined at the indicated durations. As shown in Fig. 1A , the mRNA levels of ALP Runx2, Osterix, and OCN were elevated significantly and sequentially, suggesting the successfully established differentiation models. Both the mRNA levels of Nrp1 and DDR2 peaked at day 3 and 6 and then undergone a gradual decrease to the basal levels (Fig. 1B) . Immunoblot was performed to detect the protein changes. As demonstrated Fig. 1C and D, the protein levels of Nrp1 and DDR2 were consistent with the results of mRNA analysis. To further validate the involvement of Nrp1 in osteoblast differentiation, C2C12, another classical osteoblast precursors, were induced and harvested for mRNA and protein analysis. As expected, the C2C12 differentiation model was successfully established (Fig. 1E ) and the change of Nrp1 expression also showed a similar trend compared with that of DDR2 (Fig. 1F-H) . Collectively, these results suggested that the expression profile of Nrp1 paralleled with that of DDR2 during osteoblast differentiation and Nrp1 is probably involved in osteoblast differentiation.
Nrp1 stimulated DDR2-induced osteoblast differentiation
To find out the biological meaning of the Nrp1-DDR2 paralleled expression pattern and define the roles of Nrp1 in osteoblast differentiation, Nrp1 was stably overexpressed or knocked down in MC3T3-E1 cells or DDR2-modificated MC3T3-E1 cells. As confirmed in Fig. 2A , the expression levels of Nrp1 and DDR2 were efficiently modified after lentivirusmediated gene transduction. Control and genetically modified cells were cultured in the presence or absence of differentiation inducers for 12 days, and osteogenic indicators were analyzed. Real-time PCR results showed that overexpression of Nrp1 led to dramatic 
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Cellular Physiology and Biochemistry controls. In contrast, when Nrp1 was depleted in the DDR2-overexpressing cells, the elevation of mRNA expression was significantly dropped (Fig. 2B) . Consistent with the mRNA results, ALP activity and the secretion of OCN also displayed a similar change ( Fig. 2C and D) . Taken together, these results demonstrated that Nrp1 stimulated the DDR2-mediated osteoblast differentiation.
Nrp1 enhanced the DDR2-mediated signaling in osteoblast differentiation
To investigate the molecular mechanism that Nrp1 facilitated DDR2-induced osteoblast differentiation, we tried to find out whether DDR2-induced signaling was affected after Nrp1 expression was modified. Our previous study demonstrated that DDR2 activates Runx2 in an ERK-dependent manner. With the increase of collagen type I expression, a characteristic of osteoblast differentiation, the phosphorylation of DDR2, ERK1/2, and Runx2 was induced [24] . Therefore, we analyzed the phosphorylation of Runx2 and ERK1/2 to detect the effect of Nrp1 on DDR2-induced downstream signaling. We transfected MC3T3-E1 cells with empty vector or vector containing Nrp1 cDNA, 24 hours later the cells were seeded on collagen I-coated plates for 6 hour before immunoblot was performed. As shown in Fig. 3A and B, in Nrp1-overexpressing MC3T3-E1 cells, the expression and phosphorylation of DDR2 was significantly elevated. As expected, Nrp1 overexpression also led to significant increase in phophorylated ERK1/2 and Runx2 levels (Fig. 3A, C, and D) . These results suggested that Nrp1 amplified the stimulatory role of DDR2 in osteoblast differentiation through enhancing the DDR2-induced phosphorylation of ERK1/2 and Runx2. 
Nrp1 stabilized DDR2 and inhibited its degradation
Given the paralleled expression pattern of Nrp1 and DDR2, and the stimulatory effect of Nrp1 on DDR2-mediated signaling, we detected the cellular localization of Nrp1 and DDR2 by performing immunofluorescent assay. MC3T3-E1 cells were induced for 6 days before being used to perform immunofluorescent analysis. As shown in Fig. 4A , DDR2 located in the plasma and cytoplasm, and Nrp1 mainly located in the plasma. A large portion of DDR2 and Nrp1 were found co-located in the plasma membrane.
To find out how Nrp1 regulates the activation of DDR2 and downstream effectors, we examined the effect of Nrp1 on DDR2 expression. MC3T3-E1 cells were transfected with empty vector or vector containing Nrp1 cDNA, and 48 hour later cells were harvested for mRNA analysis. As shown in Fig. 4B , the mRNA levels of DDR2 were not changed after Nrp1 was overexpressed. Consistently, the deficiency of Nrp1 induced by specific siRNA did not alter the levels of DDR2 mRNA (Fig. 4C) . Given the increase in DDR2 protein level in Nrp1-overexpressing cells (Fig. 3A) , and the abundance of protein could be regulated by changes in the rate of synthesis or degradation, we hypothesized that Nrp1 may exert a modification on the degradation of DDR2. To test this hypothesis, we used emetine, a protein synthesis inhibitor, to examine the DDR2 abundance and stability. As shown in Fig. 4D and E, DDR2 protein began to degrade obviously in control cells at the time point of 60 min. At 120 min, the protein abundance of DDR2 dropped significantly to approximate twenty percent of that of control cells. However, we detected significantly high expression levels of DDR2 protein in Nrp1-overexpressing cells, as compared with that in controls. Until 120 min post-emetine treatment, there was no obvious decrease in DDR2 protein level. Collectively, these results demonstrated that Nrp1 did not alter the transcript of DDR2, but could inhibit the natural degradation and prolonged the half-life of DDR2.
Discussion
In the present study, we demonstrated that Nrp1 expression paralleled with that of DDR2 during osteoblast differentiation, which brought the possibility of their correlated function.
Further functional experiments revealed that Nrp1 assisted the promoting role of DDR2 in osteoblast differentiation, via activation of DDR2-mediated downstream signaling. Evidence from immunofluorescent confirmed the co-occurrence of Nrp1 and DDR2. Modification of Nrp1 expression did not change the mRNA transcript of DDR2, but Nrp1 overexpression prolonged the half-life of DDR2 protein. Our results demonstrated the stimulatory role of Nrp1 in DDR2-induced osteoblast differentiation for the first time, providing molecular evidence for exploiting Nrp1 and DDR2 as novel targets to treat bone-related disease.
The structural similarity of Nrp1 and DDR2 is that they are both single-pass membrane receptors containing DS domain, which is a ~150 amino acid motif involved in molecular and/or cellular interactions. DS domain is composed of eight β-strands arranged in a compact β-barrel and three finger-like loops called "spikes" forming ligand recognition/ binding surface [27] . The "spike" 1 and 3 of DDR2 DS domain are responsible for binding collagen [18] , while the three "spikes" in the first DS domain of Nrp1 correspond to Sema3s binding regions [12] . In our study, we demonstrated the co-occurrence of Nrp1 and DDR2, and this co-occurrence depends upon the stage of cell differentiation, since we only detected it in differentiated osteoblast. The difference in localization between un-and differentiated conditions was probably due to the distinct extracellular differentiation stimuli. We hypothesized that it is collagen I, whose expression level increases during osteoblast differentiation, that bridges Nrp1 and DDR2 together through binding DS domains. We intend to investigate the involvement of collagen I in the near future. Further experiments are also needed to fully confirm the Nrp1-DDR2 interaction and the detailed structural basis.
Nrp1 is co-receptor of VEGF165 for cooperating with VEGFR to transmit pro-angiogenic signals [12] . Our previous study suggested that DDR2 promotes proliferation, migration and tube formation of primary human umbilical vein endothelial cells (HUVECs), suggesting [30] . The present study implicated the synergistic role of Nrp1 in DDR2-induced osteoblastogenesis. Together with other commence in teeth formation [31, 32] , wound healing [33, 34] , and regulation of reproductive cycle [35] [36] [37] , it could be deduced that DDR2 and Nrp1 are not only structurally but also functionally related proteins. It is probably that DDR2 also forms complex with Nrp1 and this two molecules act in concert with each other in other aspects. The cytoplasmic domain of Nrp1 lacks functional signaling motif, thus calling for binding with other receptor(s) to transmit signals. In bone formation and resorption, Sema3A-Nrp1 employs PlexA1 to activate downstream signaling. Whether PlexA1 is involved in the Nrp1 regulation of DDR2 remains to be further investigated.
The importance of DDR2 in osteoblast differentiation and bone formation has been indicated by our group and other's [24, 25] . Loss of function of human or mouse Ddr2 gene leads to dysplasia in bones [20] [21] [22] [23] . Therefore, the regulation of DDR2 in osteoblast differentiation is of great importance. The abundance of receptors is negatively regulated by internalization and degradation, which are necessary to avoid the over-activation of downstream signaling. In our study, we found that Nrp1 expression did not affect the mRNA transcript of DDR2, but modulated its protein abundance. Half-life determination assay demonstrated that Nrp1 stabilized DDR2. It is possible that Nrp1 stabilized DDR2 by blocking the binding site for ubiquitin or other regulatory protein (such as lysosomal enzymes involved in lysosomal pathway) and suppressing the negative regulation of DDR2.
Taken together, our results show for the first time that Nrp1 functions as an important player in the DDR2-mediated bone protection network. This finding enriches the current knowledge of DDR2 and Nrp1, and provides strategy for exploiting Nrp1 and DDR2 as promising targets for the treatment of bone-related deseased.
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